The aim of the study reported here was to estimate the sensitivity and specificity of the gamma interferon (IFN-c) ELISA for paratuberculosis in sheep using receiver-operating characteristic analysis. Bacteriologic culture of tissues was used to define the reference positive population (n 5 33). Two reference negative populations were used: culture-negative sheep from infected flocks (n 5 77), and sheep from noninfected flocks (n 5 358). We also evaluated the accuracy of 2 Mycobacterium avium subspecies paratuberculosis (MAP) antigen preparations, a whole-cell sonicate (MpS) and a johnin purified-protein derivative (PPDj). The source of the reference negative sheep used in the analysis affected overall accuracy of the IFN-c ELISA. The area under the curve was 0.683 (95% confidence interval 0.574-0.787), using culturenegative sheep from infected flocks, was 0.831 (0.764-0.889), using sheep from noninfected flocks for the MpS, and was 0.809 (0.726-0.881) and 0.897 (0.862-0.925) for the PPDj, respectively. Using the MpS, the cut point that classified the most sheep correctly was an optical density reading of 0.20, for sensitivity of 40. 7% (19.4-57.6) and specificity of 88.7% (77.0-95.7) or 97.6% (93.04-99.5), depending on the reference negative population used. Using the PPDj, the cut point that classified the most sheep correctly was 0.25 for sensitivity of 66.7% (47.2-82.7) and specificity of 93.5% (85.5-97.9) or 98.3% (96.4-99.4), respectively. The PPDj was more accurate at identifying MAP-infected sheep than was the MpS (P 5 0.034).
Introduction
Paratuberculosis or Johne's disease, caused by Mycobacterium avium subspecies paratuberculosis (MAP), is an important disease in ruminants worldwide. Current diagnostic tests (absorbed ELISA for antibody detection and fecal culture) typically detect animals only in the later stages of the disease after they start shedding the organism. For eradication of paratuberculosis from a flock or herd, however, it is critical for diagnostic tests to identify animals before they begin shedding the microorganism. Therefore, there is need for alternative diagnostic tests that detect animals in the early stages of the disease.
It is thought that, in the early stages of paratuberculosis, the cell-mediated immune (CMI) response predominates, then wanes with advancing disease. 24 Two CMI diagnostic tests for paratuberculosis have been proposed for field use: the skin test, which measures delayed-type hypersensitivity reaction in vivo; and the gamma interferon (IFN-c) ELISA, which measures IFN-c production in response to antigen exposure in vitro.
The skin test has a long history in literature. The avian tuberculin test was first proposed as a potential diagnostic test for paratuberculosis by Male in 1911, and again by M'Fadyean in 1916, using johnin as the antigen. 14, 15 Since then, more than 100 reports have been published on the use of skin testing as a diagnostic tool, largely from 1911 though the 1960s. The skin test gradually fell out of favor after repeated reports of failure to correlate test results with presence of the disease. 5, 13 A diagnostic test using IFN-c production to detect paratuberculosis was first proposed in 1992, and again in 1996. 2, 23 Since then, a commercial IFN-c ELISA a has been approved in the USA as an adjunct test for tuberculosis in cattle. Gamma interferon ELISAs have also been approved or are under consideration for approval for use in primates, humans, and cervids. Although IFN-c ELISAs have been evaluated for diagnosis of paratuberculosis in cattle, [9] [10] [11] sheep, 20, 21, 26 and goats, 16, 27 formal analysis of sensitivity and specificity in naturally infected sheep has not been done.
One advantage of the IFN-c ELISA over the skin test is the ability to objectively measure the magnitude of the IFN-c response by comparison with standard-ized positive and negative controls. The ELISA optical density (OD) readings can be used in a receiver-operating characteristic (ROC) analysis. Such analysis allows an overall estimate of test accuracy (area under the curve) and provides the ability to optimize cut points depending on sensitivity and specificity needs. 8 A particular problem with the evaluation of CMI diagnostic tests for paratuberculosis is the lack of a reference test for animals in the early stages of infection. Researchers are faced with attempting to validate diagnostic tests without an accurate method to confirm or deny positive test results. For paratuberculosis, bacterial culture from tissues is often used as a reference test. However, it has been suggested by other researchers that up to 100 tissues may need to be cultured to confirm infection in cattle. 28 Lack of a sensitive reference test confounds estimates of a potential diagnostic test's accuracy. This is particularly true of tests capable of detecting early stages of MAP infection since tissue colonization would be minimal at that stage. With this concern in mind, the aim of the study reported here was to evaluate an IFN-c ELISA using ROC analysis with bacterial culture-positive sheep as the reference positive population, but with 2 reference negative populations: culture-negative sheep from infected flocks and sheep from noninfected flocks. This study also evaluated the accuracy of 2 antigen preparations: a MAP whole-cell sonicate (MpS), and a johnin purified-protein derivative (PPDj).
Materials and methods
Sheep. One hundred ten sheep aged between 9 mo and 5 yr, with no visible signs of paratuberculosis, were purchased from 4 sheep flocks infected with paratuberculosis. These flocks had a history of at least 1 confirmed case of paratuberculosis diagnosed by histologic examination and confirmed by culture or polymerase chain reaction (PCR) analysis, or both. Three of the infected flocks were of the Suffolk breed, and were located in Iowa (n 5 2) and South Dakota (n 5 1), and the other was a Polypay flock located in Minnesota. Sheep were purchased over a 2-yr period, beginning in the summer of 2003.
Three hundred fifty-eight sheep from 2 MAP-noninfected flocks also were studied, for an additional noninfected reference population in the ROC analysis. They were commercial white-face, crossbred flocks in Iowa located 200 km apart. Outside ewes have not been introduced into these flocks in more than 15 yr. All sheep $6 mo old in the flocks were included in the study during the spring/summer of 2004. Tissues were not taken for culture from these sheep. Both flocks were screened for paratuberculosis by use of the skin test, antibody ELISA, and the agar gel immunodiffusion test in 1999, and all test-positive sheep (2 skin test-positive and 2 ELISA-positive sheep from a total of 276) were examined at necropsy, and evidence of paratuberculosis was not found, either grossly or microscopically. Procedures for histologic examination will be described in detail. Bacteriologic culture was not done. Since 1999, these flocks have continued to maintain high biosecurity practices, and routine necropsy of debilitated sheep has not revealed paratuberculosis. Field testing and necropsy protocols were approved by the National Animal Disease Center Animal Care and Use committee.
Bacteriologic culture and histologic examination. Sheep were euthanized by administration of 40 mg of pentobarbital/kg of body weight, and the following 8 tissues were taken for bacteriologic culture and microscopic examination: ileocecal valve and associated mesenteric lymph node, ileum, distal portion of the jejunum and associated mesenteric lymph node, middle portion of the jejunum and associated mesenteric lymph node, and proximal portion of the jejunum. Approximately 2 g of each tissue was homogenized in 25 ml of 0.75% hexadecylpyridinium chloride b solution, using a stomacher for 1 min, then was allowed to settle for 30 min. Ten milliliters of supernatant was removed from just above the sediment line, transferred to a sterile tube, and incubated at 37uC for 3 hours. Samples were then centrifuged at 1,296 3 g for 20 min, the supernatant was discarded, and the pellet was resuspended in 1 ml of antibiotic mixture (100 mg of vancomycin b /ml, 50 mg of amphotericin B b /ml, and 100 mg of nalidixic acid b /ml in 0.9% brain heart infusion b broth) and was allowed to incubate overnight at 37uC. Then 200 ml was inoculated into radiometric liquid media vials c supplemented with 1 ml of egg yolk, 600 ml of H 2 O, 5 mg of mycobactin J, d and 100 ml of PANTA PLUS, e and the mixture was incubated at 37uC. Bottles were examined once a week for 12 wk, and those with growth index $14 were confirmed by use of acid-fast staining and by IS900 PCR analysis using a technique described elsewhere. 4 Samples were considered to be test positive only if they had positive results of the IS900 PCR analysis.
For histologic examination, the tissues were processed and paraffin embedded in routine manner. Five-micronthick sections were stained with hematoxylin and eosin and were examined by light microscopy. Adjacent sections were stained by use of the Ziehl-Neelsen technique to visualize acid-fast bacteria. Lesions were graded on a scale of 1-3 that was defined as follows: type1, granulomatous lesions confined to lymphoid tissue and no acid-fast bacteria (AFB); type 2, granulomatous lesions in lymphoid tissue and in mucosa associated with Peyer's patches and with a few AFB; and type 3, disseminated granulomas. Type 3 was further divided into subtypes a, b, and c: type 3a, diffuse granulomas without modification of the cellular morphology and usually visible mycobacteria; type 3b, diffuse lepromatous granulomas with many visible mycobacteria; and type 3c, tuberculoid granulomas with few to no mycobacteria. 19 The pathologist examining the sections was blinded to the culture and IFN-c ELISA results of the sheep.
Sample collection and IFN-c ELISA. For sheep in MAPinfected flocks, samples for the IFN-c ELISA were taken within 6 mo of necropsy. Whole blood was collected into 10-ml heparinized collection tubes, kept at ambient room temperature, and processed within 8 hr. One milliliter of blood was pipetted into separate wells of a sterile, 24-well cell culture plate f for each of the following treatments: 1) nonstimulated negative control; 2) staphylococcal enterotoxin A (SEA g ; positive control, 1 mg); 3) 10 mg of PPDj h made from MAP strain 19698; and 4) 10 mg of whole-cell sonicate (MpS), i also made from MAP strain 19698. Procedures for making PPDj and MpS are described in detail elsewhere. 1, 25 Due to a lack of MpS antigen, only 80 of 110 sheep from the MAP-infected flocks and 123 of the 358 sheep from the MAP-noninfected flocks were tested with MpS. To reduce bias, systematic randomization was used to select the sheep tested with MpS. The cell culture plates were incubated for 18-24 hr at 37uC in 5% CO 2 humidified atmosphere. Plates were then centrifuged at 1,296 3 g for 5 min, and 500 ml of plasma was removed and stored at 280uC until assayed. A commercial IFN-c ELISA kit a was used according to the manufacturer's instructions, with each sample run in duplicate. Results were read at 450 nm, and the OD readings from the duplicate wells were averaged.
Statistical analysis. Background values of IFN-c, as measured by the nonstimulated wells, were subtracted from the simulated wells for each animal. For results to be included in the analysis, the OD value of the positivecontrol SEA minus the OD of the nonstimulated negative control had to be $0.10. The ROC analysis and ROC comparison were calculated using a nonparametric method in Stata version 8 j . 6 The reference positive population (bacterial culture-positive sheep) and the 2 reference negative populations (culture-negative sheep from infected flocks, sheep from noninfected flocks) were analyzed separately, using the MpS antigen, and then again using PPDj antigen. Several cut points were derived from each curve, and exact binomial confidence intervals (CIs) for sensitivity and specificity were calculated separately. 3 To compare the accuracy of the antigens, only the sheep that had results from use of both antigens were considered. The ROC curves were recalculated, and an algorithm was used to test the equality of the area under the curves. 6 
Results
Bacteriologic culture and histologic examination. Thirty-three (30%) of the 110 sheep from the MAP-infected populations were culture positive. The majority of those sheep (58%) were either histologically negative or were classified as having type-1 lesions. Disseminated disease, with large numbers of AFB (type 3a), was seen in only 5 of the 33 sheep ( Table 1) .
The ROC analysis. Changing the reference test negative sheep used in the ROC analysis affected the overall accuracy of the IFN-c ELISA. The MpS antigen had an area under the curve (AUC) of 0.683 if bacteriologic culture alone was used as the reference test (Fig. 1A) . However, use of the culture-positive sheep as the reference positive and sheep from noninfected flocks as the reference negative, improved the AUC to 0.830 ( Fig. 1B) . Similar improvements were seen by using the PPDj. The AUC was 0.809 (Fig. 1C ) using only bacteriologic culture, and was 0.897 using the noninfected flocks (Fig. 1D ). This improvement was seen because there were significantly more culture-negative sheep in infected flocks with high IFN-c ELISA readings than there were in the noninfected flocks. This consequently affected the specificity (Sp) estimates when a cut point was applied, but not the sensitivity (Se) estimates ( To determine which antigen was more accurate, only the sheep tested with both antigens were analyzed. Sheep from noninfected flocks were used for the reference negative population. The PPDj was more accurate than the MpS antigen at identifying MAP-infected sheep: AUC of 0.898 versus 0.811, P 5 0.034 (Fig. 2) .
Discussion
The goal when evaluating diagnostic tests for sensitivity and specificity should be to follow the World Organization for Animal Health (OIE) guidelines. 18 Although the number of animals used in this study falls short of those recommended guidelines, the data were sufficient to evaluate differences in the antigens and reference test populations. However, low animal numbers can mask important differences in diagnostic tests, antigens, or intermittent cross re- activity problems, and more work needs to be done address these important issues.
Others have investigated the IFN-c ELISA specificity in cattle more thoroughly than we did in the sheep of this study; they found that specificity could be quite variable (71-99%) among herds, batches of antigen, and the method used to establish a cut point. 12 To the authors' knowledge, widespread evaluation of specificity for the IFN-c ELISA in sheep has not been done. We were only able to include 2 noninfected flocks, as it is particularly difficult to know the true flock paratuberculosis status with the management practices in the USA. A more thorough evaluation of noninfected flocks is needed to confirm the relatively high degree of specificity found in this study. None of the 110 sheep purchased for this study from the MAP-infected flocks manifested any signs of paratuberculosis. Most of the culture-positive sheep also had negative results of histologic examination or were classified as having type-1 lesions, and were clearly in the early stages of infection. Other studies have indicated that fecal culture is 17-48% sensitive in sheep with paucibacillary lesions, and likely would be lower in sheep without histologic lesions. 29, 30 If the IFN-c ELISA can accurately classify these sheep in the early stages of infection, it would fulfill a need that is not currently being met by fecal culture and serologic testing.
The overall accuracy of the IFN-c ELISA in this ROC analysis was affected by the definition of the reference negative population. The specificity of the IFN-c ELISA was lower (sometimes much lower depending on the cut point chosen) if culture-negative sheep from infected flocks were used in the analysis. This brings up an interesting and important clinical question. Are those culture-negative sheep in infected flocks that have a high IFN-c response a potential threat or of any biological relevance? If so, bacteriologic culture of tissues may not be an adequate reference test for evaluating CMI-based diagnostic tests.
There are 3 possible explanations for the difference in specificity depending on the reference negative population used. First, the sheep could have had an active infection, but bacteriologic culture was not sufficiently sensitive to detect them. Second, the sheep could have been infected, but had cleared the infection. Third, the sheep could have been exposed to MAP, but were not infected. Whether natural exposure without infection can cause a measurable CMI immune response is not known. It also is not known how long an animal will have a measurable CMI response after it clears an MAP infection, or more importantly, how often animals actually clear MAP infections. Understanding these events will be important for proper interpretation of positive results of the INF-c ELISA. It may be possible that tests capable of detecting MAP in such early stages of infection will not be good at predicting clinical disease or even predicting shedding of the organism.
Current diagnostic tests (antibody ELISA and fecal culture) lack sensitivity in sheep and cattle when they are in the early stages of MAP infection. Because of this, these tests are useful at detecting clinically affected animals, but they have little impact on the negative predictive value. In other words, a negative test result does not greatly increase our confidence that the animal is not infected. This also hold true at the flock/herd level. Using pooled fecal culture, 1 group of investigators found that 7 pools of 50 animals each would be required to achieve a 95% confidence level that the flocks had ,2% fecal shedders. 22 Serologic testing was unable to yield that level of confidence even with whole-flock testing. Although the studies need to be done, the data from the study reported here suggest that it might be possible to increase the INF-c ELISA cut point sufficiently high to achieve the required specificity for a herd test and still maintain sufficient sensitivity to detect most MAP-infected flocks, regardless of the number of animals shedding MAP in the feces.
In this study, it appeared that the PPDj was a better antigen than the MpS. This is consistent with findings from earlier literature reports when researchers were working on improving the sensitivity and specificity of the heat-concentrated culture filtrates. 7, 17 Indeed, previous studies have documented the fact that the process of purifying johnins by precipitation with trichloroacetic acid improves the potency as well as the specificity. This is likely due to the elimination of carbohydrates and glycolipids. It may well be that the MpS could be improved by trichloroacetic acid precipitation. Whatever the case, results of this study suggest that the choice of antigen for stimulation of a CMI response is important. Although use of PPDj yielded higher specificity and sensitivity than did use of MpS in this study, there may be antigens superior to PPDj that have yet to be evaluated. Furthermore, antigen choice may need to be optimized according to species and stage of infection. 
